Single, preexposure, parenteral uijection with both recombinant tumor necrosis factor/cachectin (TNF/C) and interleukin-1 (IL-1) prolonged the survival of rats (144±9 h) in continuous hyperoxia (> 99% 02 at 1 atm) when compared with rats injected with boiled TNF/C and boiled IL-1 (61±2 h), TNF/C alone (61±2 h), IL-1 alone (62±2 h), or saline (64±3 h). After exposure to hyperoxia for 52 h, pleural effusion volume, pulmonary artery pressure, total pulmonary resistance, and lung morphologic damage were decreased in those rats given TNF/C and IL-1 as compared with saline-injected rats. In parallel, ratios of reduced (GSH) to oxidized (GSSG) glutathione were greater (P < 005) in lungs of TNF/C + IL-i-injected rats (91±20) than of salineinjected rats (30±4) that had been exposed to hyperoxia for 52 h. No differences were found in superoxide dismutase, glutathione peroxidase, glutathione reductase, glucose-6-phosphate dehydrogenase, or catalase activities in lungs of TNF/C + IL-1-or saline-treated, hyperoxia-exposed rats. Our results indicate that pretreatment with TNF/C and IL-1 favorably altered lung glutathione redox status, decreased lung injury, and enhanced survival of rats exposed to hyperoxia.
Introduction
Endotoxin pretreatment produces a remarkable protective effect against pulmonary oxygen toxicity, a tolerance that involves decreases in lung and endothelial cell injury that are associated with increases in lung antioxidant enzymes (1) . Endotoxin treatment can also stimulate production of two potent cytokines, tumor necrosis factor/cachectin (TNF/C)' (2) and interleukin 1 (IL-1) (3), which may mediate many diverse effects including alterations in endothelial cell growth (4) and function (5) . These findings led us to postulate that treatment with TNF/C and/or IL-I might affect susceptibility to lung injury from hyperoxia.
Also, studies of TNF/C and IL-I would provide additional new information about the mechanisms of action and the direct or indirect relationships between endotoxin treatment, tolerance to hyperoxia, and lung antioxidant enzyme increases. Our results supported this premise. We found that pretreatment with both TNF/C and IL-I decreased lung oxidized glutathione content, lung injury, and mortality of rats in hyperoxia without altering lung antioxidant enzyme activities.
Methods
Reagents. Ferricytochrome c (horse heart, type VI), xanthine, xanthine oxidase (grade III), glucose-6-phosphate dehydrogenase (type IX), NADP+, NADPH (type I), oxidized glutathione (GSSG) (type IV), reduced glutathione (GSH), glutathione reductase (type IV), and glucose-6-phosphate were obtained from Sigma Chemical Co., St. Louis, MO. 1,000 U/ml heparin was supplied by Abbott Laboratories, Diagnostic Div., Irving, TX. Recombinant human TNF/C was provided by Dr. Leo S. Lin (Cetus Corp., Emeryville, CA [6] ) and IL-la (pI 5) by Dr. Peter T. Lomedico (Hoffmann-La Roche, Inc., Nutley, NJ [71). Recombinant IL-1, (pl 7) was prepared and purified as previously described (8) . Endotoxin contamination was assayed by using Limulus amebocyte lysate assays: TNF/C contained < 66 ng/mg protein; IL-la, < 42 ng/mg protein; and IL-Ij, < 20 ng/mg protein (8) . For some experiments, TNF/C and IL-I were boiled at 97IC for 1 h (8) . Survival studies were done by using IL-fI and then confirmed with IL-la. IL-la was used for subsequent studies.
Treatment with TNF/C and/or IL-I, exposure to hyperoxia, and assessment ofsurvival. Male Sprague-Dawley rats (SASCO, Omaha, NE) weighing 275-300 g were fed a standard laboratory diet of Wayne Lab Blox (Continental Grain Co., Chicago, IL) given water ad lib., and acclimated to Denver altitude for 8-10 d. For most experiments, TNF/C and/or IL-I were given just before exposure to hyperoxia in split doses (50% i.v. and 50% i.p.). Before injection, proteins were diluted in 0.15 M NaCl buffered with 5 mM potassium phosphate (pH 7.4) that contained 0.5 mg/ml bovine serum albumin (Cohn Fraction V, Sigma Chemical Corp.) that had been passed twice over polymyxin B Sepharose columns (3-ml bed vol; Boehringer Mannheim Biochemicals, Indianapolis, IN). For subcutaneous infusion, TNF/C alone was given as a single bolus (5 ug i.p.) and infused (100 gg/ml) continuously through an Alzet miniosmotic pump (Alza Corp., Palo Alto, CA) implanted in the neck (20 gg/168 h). In all experiments, control rats received equal amounts of saline alone. Rats were continuously exposed to hyperoxia (liquid 02, 10 liters/min) in plexiglas hyperbaric chambers. 02 concentration monitored with an oxygen analyzer (model 0260; Beckman Instruments Inc., Fullerton, CA) was consistently > 99% (barometric pressure = 760 mmHg), and CO2 concentration was < 0.5% as measured by a blood gas analyzer (Coming Glass Works, Corning Science Products, Corning, NY). Temperature was 23-250C; relative humidity, 60-70%; and light exposure, on a 12-h light/dark cycle. Equal numbers oftreated and control littermates were exposed in each chamber. The number of living rats was counted every 6 h.
Measurements ofcardiopulmonary physiology and morphology. Indwelling pulmonary artery, aortic, and central venous catheters were positioned aseptically 24 h before exposure (9) . After exposure to hyperoxia for 52 h, rats were removed and studied at FI02 > 99% (630 Torr). Lungs were also obtained, inflated at 20 cm H20 airway pressure, and processed for electron microscopy (10) The left lung (GSSG analysis) was homogenized with a Tissu-miser (60 s, maximum speed) (Heat Systems-Ultrasonics, Inc., Farmingdale, NY) in 0.05 M n-ethylmaleimide, 100 mM potassium phosphate (pH 6.5), and 5 mM EDTA; the right lung (GSH analysis) was homogenized in 100 mM potassium phosphate (pH 7.5) and 5 mM EDTA. Protein was precipitated with 20% meta-phosphoric acid (1:4, vol/vol) (Alfa Products, Morton Thiokol Inc., Danvers, MA). After samples were centrifuged at 15,000 g for 10 min, supernatants were neutralized with 2 M KOH and 0.3 M 3-N-morpholinopropanesulfonic acid, and were prepared and assayed for GSH and GSSG (I 1).
Measurement oflung antioxidant enzyme activities. After perfusion as described with buffer containing 4% Ficoll 70, rat lungs were perfused with 5 ml of 0.1 M potassium phosphate, 0.15 M KCI buffer (pH 7.4), trimmed, rinsed, blotted, and homogenized (right lung) with a Tissumiser (120 s, maximum speed, 4°C) in a total volume of 10 ml of 0.005 M potassium phosphate buffer (pH 7.8) that contained 0.1 mM EDTA. After the homogenate was centrifuged (15,000 g for 10 min), supernatants were analyzed for total superoxide dismutase (12), glutathione peroxidase (13), glutathione reductase (13), glucose-6phosphate dehydrogenase (13), and catalase (14) activities.
Statistical analyses. Data from two groups were compared by using a two-tailed t test, and those from more than two groups, by one-way analyses of variance with Student-Newman-Keuls test for multiple comparisons (15) . Individual survival curves were constructed (16) and compared nonparametrically with the log rank test (17) in stepwise fashion (18) .
Results
Rats injected before exposure with a single dose of both 10 ,ug TNF/C and 10 Mg IL-l lived longer (P < 0.05) in continuous hyperoxia ( 144±9 h, n = 16) than rats injected with both 10 Ag boiled TNF/C and 10 jg boiled IL-1 (61±2 h, n = 9) or saline (64±3 h, n = 49, Fig. 1 A) . In contrast, rats injected with 10 tg TNF/C alone (61±2 h, n = 6) or 10 Mg IL-1 alone (62±2 h, n = 6) did not live longer (P > 0.05) in hyperoxia than salineinjected rats (64±3 h, n = 49, Fig. 1 B) . Moreover, treatment with 10 Mug TNF/C and increasing doses of 3.3, 10, or 33 Mg of IL-I was associated with increases in survival (123±20 h, n = 6; 145±15 h, n = 6; or 150±6 h, n = 6, respectively) of rats in hyperoxia (Fig. 1 C) . Furthermore, survival in hyperoxia was similar (P > 0.05) in rats that were treated with 10 Mig TNF/C and either 10 Mg of IL-If3 (143±12 h, n = 10) or 10 Mg IL-la (145±15 h, n = 6). Finally, treatment with an initial bolus of 5 Mg TNF/C alone (i.p.) plus a continuous subcutaneous infusion of 0.12 Mg/h of TNF/C alone did not increase (P > 0.05) the survival of rats in hyperoxia (71±2 h, n = 5) when compared with saline-treated control rats (64±2 h, n = 5).
After exposure to hyperoxia for 52 h, rats injected with TNF/ C and IL-l also had decreased (P < 0.05) pleural effusion volume, hematocrit, pulmonary artery pressure, total pulmonary resistance, and systemic vascular resistance, and increased (P < 0.05) cardiac output and arterial pH as compared with saline-treated rats (Table I) . Arterial Pco2 and Po2 were not statistically different (P > 0.05, Table I ). Also, after exposure to hyperoxia for 52 h, lungs from TNF/C + IL-I -treated rats had less vascular congestion and endothelial cell damage as reflected by swelling of endoplasmic reticulum, intracellular edema, and focal disruption than lungs from saline-treated rats (Fig. 2) .
Lungs from hyperoxia-exposed rats that had been pretreated with TNF/C and IL-I had increased GSH/GSSG ratios (91±20 mol/mol, n = 6) when compared with simultaneously exposed saline-injected control rats (30±4 mol/mol, n = 7, Table I ). More specifically, whereas GSSG content was decreased, total GSH content was similar in lungs of TNF/C + IL-i-treated rats as compared with saline-injected rats that had been exposed to hyperoxia for 52 h.
Total lung superoxide dismutase, glutathione peroxidase, glutathione reductase, glucose-6-phosphate debydrogenase, and * Value significantly (P < 0.05) different from that obtained for saline-pretreated, hyperoxia-exposed rats. § Saline-or TNF/C + IL-i-injected rats that were exposed to normoxia had similar pleural effusion volume, GSH content, GSSG content, or GSH/GSSG ratios (0±0 ml, 0.9±0.1
,gmol/two lungs, 5.1±0.3 nmol/two lungs, and 178±17, respectively, for TNF/C + IL-1-injected, normoxia-exposed rats, n = 6). 1 I Value significantly (P < 0.05) different from that obtained for saline-pretreated, normoxia-exposed rats. 'Value not significantly different (P > 0.05) from that obtained for saline-pretreated, normoxia-exposed rats. ** Value not significantly (P > 0.05) different from that obtained for saline-pretreated, hyperoxia-exposed rats.
catalase activities were similar in hyperoxia-exposed rats that were pretreated with TNF/C and IL-I or saline (Table II) .
Discussion
Preinjection with both TNF/C and IL-i markedly prolonged the survival of rats in continuous normobaric hyperoxia. Enhanced survival of cytokine-treated rats in hyperoxia was associated with dramatic decreases in lung injury, as manifested by decreased pleural effusion volume, pulmonary hypertension (19), morphologic abnormality (10), and increased lung GSH/GSSG ratio, when compared with values obtained for saline-injected rats. These findings indicate that the TNF/C + IL-I-mediated increase in survival of rats in hyperoxia involved improvement in lung glutathione redox state and decreases in lung injury (20) . Since endotoxin is heat stable (3), whereas cytokine activities are destroyed at temperatures of970C, the finding that injection with boiled cytokines did not increase survival in hyperoxia suggests that TNF/C + IL-i-mediated tolerance is not the result of endotoxin contamination (8) . Moreover, the amount of endotoxin that contaminated the combined TNF/C (< 0.66 ng/ rat) and IL-l (< 0.42 ng/rat) was > 100,000-fold less than the endotoxin dose (-125 ,ug/rat, [11) that produced tolerance to hyperoxia.
Our findings also suggest that treatment with TNF/C and IL-I may protect against hyperoxia without increasing lung antioxidant enzyme activities. Lung superoxide dismutase, glutathione peroxidase, glutathione reductase, glucose-6-phosphate dehydrogenase, or catalase activities were not increased in rats injected with both cytokines as compared with saline-injected rats that were simultaneously exposed to hyperoxia for 52 h. In contrast, protection against hyperoxia achieved by pretreatment with endotoxin is associated with increases in lung superoxide dismutase, catalase, and glutathione peroxidase activities (1) . In lieu of specific local changes in lung antioxidant levels, these findings suggest that tolerance to hyperoxia mediated by pretreatment with TNF/C and IL-1 may involve a somewhat different mechanism than that seen after pretreatment with endotoxin. It is also possible that many of the effects of endotoxin are mediated by TNF/C (21) and/or IL-1, but by different kinetics. Additional explanations for TNF/C + IL-i-mediated protection against hyperoxia include that oxidant formation, inflammatory cell activation, and/or the acute phase response may be altered in lungs of TNF/C + IL-l-treated rats. For example, TNF/C and IL-I treatment could diminish oxidant injury by decreasing microsomal production of 02 metabolites (22) . Both IL-1 (23) and TNF/C (24) can depress hepatic microsomal cytochrome P450 activity, and failure to induce lung cytochrome P450 is associated with increased survival of mice in hyperoxia (25) . TNF/C and IL-I treatment could also modify neutrophil contributions to lung injury. TNF/C stimulates neutrophil superoxide generation (26), hydrogen peroxide formation, and degranulation in vitro (27) . Also, IL-1 (28) or TNF/C (29) can increase neutrophil adhesion to endothelium. To the degree that neutrophils contribute to lung injury from hyperoxia, treatment with TNF/C and IL-I could possibly exhaust or deactivate neutrophils (and/or other phagocytes) early in the evolution of pulmonary 02 toxicity. TNF/C and IL-I treatment might also make less iron available to oxidants generated by either lung cells or phagocytes. IL-1 treatment could increase lactoferrin release from neutrophils, decrease serum iron, and increase hepatic iron sequestration (3, 8) . Decreased iron in lung may be important by decreasing production of more toxic hydroxyl radicals from hydrogen peroxide and superoxide anion (30) . Cytokines may also contribute to improved survival in hyperoxia by acting as growth factors that promote more rapid replacement ofdamaged cells (4, 31) . Finally, IL-l treatment has radioprotective effects (32) and also induces release of acute phase proteins, including ac-l-antitrypsin and ceruloplasmin (3), the latter of which has antioxidant properties.
In conclusion, we have found that exposure to the cytokines, TNF/C and IL-1, dramatically increased survival of rats in continuous hyperoxia. The results indicate that endotoxemia and other events that trigger release ofthese cytokine mediators may have broad physiologic consequences that involve mechanisms conferring protection against subsequent oxidative injury.
